Fundamental characteristics of on-chip micro solar cell (MSC) structures were investigated in this study. Several MSC structures using different layers in three different CMOS processes were designed and fabricated. Effects of PN junction structure and process technology on solar cell performance were measured. Parameters for low-power and low-voltage implementation of power management strategy and boost converter based circuits utilizing fractional voltage maximum power point tracking (FVMPPT) algorithm were determined. The FVMPPT algorithm works based on the fraction between the maximum power point operation voltage and the open circuit voltage of the solar cell structure. This ratio is typically between 0.72 and 0.78 for commercially available poly crystalline silicon solar cells that produce several watts of power under typical daylight illumination. Measurements showed that the fractional voltage ratio is much higher and fairly constant between 0.82 and 0.85 for on-chip mono crystalline silicon micro solar cell structures that produce micro watts of power. Mono crystalline silicon solar cell structures were observed to result in better power fill factor (PFF) that is higher than 74% indicating a higher energy harvesting efficiency.
Introduction
Sensors that can work in isolated environments for extended duration are demanded by many modern sensor applications. Typically, it is very hard to access these sensors to replace power sources. One example of such sensor applications is implantable biomedical devices such as retinal prosthesis. In such cases accessing the sensor requires surgery. Even very low-power, low-leakage, and energy-efficient systems are limited by the finite energy stored on a battery. Alternative means of powering sensors such as inductive coupling and transmission of power through RF waves are used to overcome limitations of batteries [1] [2] [3] [4] . Increasing power transfer efficiency in both methods requires high directivity and large coils/antennas. Moreover, these are not suitable for long range applications [4] .
Energy autonomous sensor systems capable of generating their own energy by harvesting ambient energy in the environment to completely eliminate the need for a power source or at least assist it have gained significant interest in recent years. Photovoltaic energy conversion is a viable choice for on-chip energy harvesting due to its high conversion efficiency and compatibility with CMOS manufacturing processes [5, 6] . Fortunately, the level of illumination indoors and outdoors is sufficient for generating micro watts of power if the light energy is harvested efficiently. Furthermore, integrating energy harvesting capability into sensor chip enables reducing the system cost and volume.
Energy harvesters presented are arrays of on-chip micro solar cells (MSCs) composed of PN junction photodiodes that can be built using readily available layers in CMOS processes. Three different MSC structures built with different CMOS layers in three different CMOS manufacturing processes are studied in order to observe the structural and manufacturing effects on the MSC performances.
Power generating PN junction MSCs have voltagecurrent characteristics varying nonlinearly with load conditions and illumination levels. Therefore, it is necessary to operate the photodiodes at a point that they will deliver the maximum power. This study presents experimental results
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showing that a very simple and power efficient method can be employed to operate the on-chip photodiode MSCs at the maximum power point (MPP).
Energy Harvesting with On-Chip MSCs
When a photon is absorbed by a semiconductor material, an electron hole pair is generated. The electron and hole eventually recombine unless they are separated. The built-in electric field in the depletion region of PN junctions is used for separating electrons from holes. Drift of photo-generated minority carriers across the depletion region results in a photo generated current flowing from N-region to P-region of the junction. The photo generated current is given by the following [7] :
Here, is the junction area, is the carrier generation rate proportional to illumination level, is depletion layer width, and P and N are diffusion lengths of holes and electrons, respectively. Since the electric field is zero outside of the depletion region, only the carriers generated in the depletion region and those carriers that can diffuse to the depletion region are separated by the internal electric field. Therefore, more carriers can be separated in materials with wider depletion regions and longer diffusion lengths.
A net positive charge builds up on the P-region and a net negative charge builds up on the N-region of the photodiode as the photo generated carriers flow across the depletion layer unless an external circuit removes the excess charge. Therefore, the P-region of an illuminated photodiode is at a higher potential than that of the N-region. This potential difference lowers the built-in potential of the PN junction. When potential barrier is lowered, diffusion current flows from P-region to N-region of the junction. This is identical to the diffusion current resulting from an external positive bias. Output current ( out ) of a photodiode is the difference between the photo generated current and the forward diode current. out is given by
Here is the forward current, ph is the photo generated current, out is the voltage across the PN junction, is the thermal voltage, is the diode ideality factor, and is the reverse saturation current of the junction. This equation suggests a first order photodiode model composed of an ideal current source and an ideal diode. Models based on measurements suggest additional shunt and series resistances [8] . Relations derived using this first order equation are accurate enough and added parasitics are ignored in this section for simplicity.
When no external circuit is connected between the terminals of a PN junction photodiode, no net current flows. The forward current due to the potential barrier lowering and photo generated current are equal. The potential difference between the terminals in this condition is known as open circuit voltage ( oc ) and can be calculated using (2) for out = 0 as shown in
oc has a logarithmic dependence on light level unlike linear dependence of photo current ( ph ) on light level. Output power is the product of output voltage and current.
out corresponding to maximum power output ( MPP ) can be calculated by setting the derivative of power ( out ) to zero and is given in
Since ph is linearly proportional to light level and is proportional to temperature, MPP depends on light level and temperature. The relation between MPP and oc is obtained substituting (3) into (4) and is given in
The logarithmic curve defined by (5) is relatively linear when MPP changes a few hundred millivolts. Since oc increases less than 100 mV for large changes of illumination, a very linear dependence is expected. Measurements confirm that ratio between oc and MPP is fairly constant over a wide range of illumination levels. This observation is the basis of fractional voltage maximum power point tracking (FVMPPT) method proposed for on-chip power management [9] .
On-Chip Micro Solar Cell (MSC) Structures.
Several different types of PN junction photodiodes can be built using combinations of P-substrate (P-sub), n+ diffusion (n+ diff), p+ diffusion (p+ diff), P-well, and N-well layers in standard CMOS process. Since P-sub is always connected to ground potential in N-well CMOS processes, junctions built with P-sub are suitable only for generating negative voltages on cathode side of the micro solar cell (MSC) structures.
The three MSC structures investigated in this study are shown in Figure 1 . Two of them (MSC1, MSC2) generate positive output voltage while the third one (MSC3) generates negative output voltage. First structure (MSC1) uses p+ diff/N-well junction for energy harvesting. It is built in 0.5 m 2P3M process. Second structure (MSC2) uses P-well/N-well and P-well/n+ diff junctions in parallel. It is built in a 0.18 m 1P6M process. Third structure uses P-sub/N-well and p+ diff/N-well junctions in parallel. It is built in 0.35 m 2P4M process. Inevitable P-sub/N-well junction diode (PD1) in MSC1 and MSC2 is shorted since it cannot be used for energy harvesting in this configuration.
Depletion region width is wider if junctions are built with lightly doped semiconductors. Recombination rate of carriers in a semiconductor increases with increased doping concentration. Therefore, diffusion lengths are longer in lightly doped semiconductors. Substrate and wells have lower doping concentrations compared to diffusion layers. Moreover, well layers have much deeper sidewalls compared to diffusion layers resulting in larger junction area for same silicon area. Therefore, junctions built with diffusion layers are expected to generate the smallest photo generated current due to high doping concentration on diffusion side and smaller sidewall areas.
Measurements have confirmed that MSC1 using only the shallow diffusion junction for energy harvesting has the lowest energy generating capacity as expected. Even though both MSC2 and MSC3 use a shallow junction in parallel with a deep junction for energy harvesting, MSC3 generates three times larger power than that of the MSC2. P-well/Nwell junction generates less current compared to P-sub/Nwell junction since isolated P-well region has higher doping compared to substrate region. Moreover, second structure is built in 0.18 m process. Doping levels are increased as feature size shrinks in CMOS processes [10] . Therefore, depletion region widths and diffusion lengths are shorter in all layers in second structure compared to other structures. This proves that mature processes are more suitable for on-chip solar cell structures. Since shorting parasitic photodiode does not remove the depletion region, parasitic photodiode collects portion of carriers generated in N-well region that could otherwise be collected by the desired photodiodes further reducing the energy generation capacity in MSC1 and MSC2 structures.
Low-Power Low-Voltage FVMPPT Circuit
Since on-chip micro solar cells have limited output power, it is important to operate the solar cell at the maximum power point. However, MPPT circuits themselves consume power and power consumption increases with increased tracking circuit complexity. Naturally, it is desired to minimize MPPT circuit power consumption, so that it does not reduce the overall power efficiency of the energy harvesting system. The FVMPPT method can be implemented with very simple circuits while other MPPT methods require complicated sensing and control circuits. Therefore, FVMPPT circuits are the most energy efficient MPPT circuits [11] .
MPPT circuits based on FVMPPT method are very simple to implement. The voltage fraction is determined by measurements under various illumination levels. The MPPT circuit adjusts the load to keep the output voltage of solar cell equal to the appropriate predefined fraction of open circuit ( oc ). Since the voltage fraction ( V ) changes with illumination and temperature, a predefined V value will be 4 Journal of Sensors
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Boost converter just an approximation. Thus, FVMPPT circuit is not a true-MPP tracking circuit. The solar cell operating point will miss the MPP slightly when illumination and temperature drift during operation. The solar cell output power will be slightly less than the maximum available. Measurements have shown that output power is relatively flat in vicinity of maximum power point. Deviation of solar cell output power from the maximum power is less than 5% when V values change by 10%. Therefore, output power from a solar cell driven by a FVMPPT circuit will provide more than 95% of maximum power even if predefined V was significantly off. Therefore, power loss due to wrong preset V is insignificant and using FVMPPT is justified.
FVMPPT Implementation.
MPPT circuits consuming less than 1 mW used to be considered very impressive [12] . Nowadays, advanced CMOS manufacturing processes made it possible to realize MPPT circuits using digital control consuming less than 1 W [13] . Therefore, relatively complicated MPPT circuits could be integrated with micro solar cell arrays producing only a few microwatts of power. FVMPPT method based MPPT circuits proposed in this work consume very low power and very small silicon area due to its simple circuit topology without complicated digital control circuitry.
The low-power on-chip MPPT circuit proposed in this study is implemented using a pilot solar cell, a comparator, and a 4-bit digitally programmable resistive voltage divider as shown in Figure 2 . MPPT and DC-DC converter circuits are integrated together resulting in a very simple overall harvester circuit. Solar cells are connected directly to boost converter input, so additional interface circuits between solar cell and boost converter reducing power efficiency are avoided. Power is dissipated by the low-power comparator and nonzero resistances of inductor and transistors only. Reducing the switch resistances is the key for higher efficiency.
The open circuit voltage ( oc ) is generated by a pilot solar cell structure constructed using the same CMOS layers used for building the energy harvesting photodiodes so that pilot cell and energy harvesting photodiodes have the same open circuit voltage. A resistive voltage divider is used for generating the appropriate fraction of pilot cell output voltage ( PILOT ). Resistor string is implemented with a very large on-chip resistor string so that the current drawn from the pilot cell is much smaller than the short circuit current of the pilot cells. Ideally, pilot cells should not be loaded so that pilot cell output voltage ( PILOT ) is equal to the open circuit voltage. Deviation of PILOT from oc is insignificant for small output currents due the logarithmic dependence of photodiode voltage on the output current. Since resistive chain is programmable, resistive division ratio ( ) can be adjusted to include the deviation of PILOT from oc . The required value is given in
The MPPT block comparator continuously monitors whether magnitude of SOLAR is larger than magnitude of MPP and generates a control/clock output ( CNT ) controlling the boost converter. Comparator functions as an asynchronous control signal generator for the boost converter.
Since boost converter is the load for the solar cell array, comparator controls the amount of current sourced from the solar cell array by controlling the switching speed of the boost converter and forces the solar cells to operate at maximum power point optimizing harvesting efficiency. Boost converter is integrated with the MPPT circuit without any auxiliary circuits in between.
Boost Converter.
Since the output voltage of a solar cell is not sufficient for running analog and digital circuits, DC-DC conversion is necessary for generating the appropriate supply voltage. Boost converters are used for DC-DC conversion of on-chip solar cell outputs in the proposed structures. Noninverting boost converters are used with MSC1 and MSC2 while an inverting boost converter is used with MSC3. When input transistor M1 in both boost converter types is turned on, the solar cell current flows through the off-chip inductor to/from ground. Magnitude of output voltage of solar cell ( SOLAR ) drops as the solar cell current increases. When SOLAR drops one hysteresis voltage below MPP , the MPPT comparator turns the NMOS switch(es) off and turns the PMOS switch on. When M1 turns off, magnitude of SOLAR voltage increases towards open circuit voltage. At this moment, the solar cell is disconnected from boost converter and inductor is connected to the storage capacitor. Since the inductor current cannot change instantly, the inductor will go on supplying a decaying current to the storage capacitor. Thus, the solar energy stored in the EMF of the inductor is transferred to large external charge store capacitor. SOLAR voltage magnitude increases since M1 is off. When it raises one hysteresis voltage above MPP , the output of MPPT comparator is toggled starting a new cycle. This operation continues indefinitely charging the OUT node voltage higher with maximum efficiency. The switches in the boost converter are driven by MPPT circuit. This integrated topology requires no clocks to drive the switches, so the circuit ends up being very simple compared to synchronous DC-DC converters.
Measurement Results
The three MSC structures investigated in this study were fabricated in three different CMOS processes. MSC1 is fabricated in a 0.5 m, 2P3M CMOS process. MSC2 is fabricated in a 0.18 m, 1P6M CMOS process. MSC3 is fabricated in a 0.35 m, 2P4M CMOS process. Raw measurement data for the 3 different micro solar cell (MSC) structures is shown in Table 1 . Output current and voltage of each micro solar cell is measured for a wide range of illumination conditions typically between 1 Klux and 60 KLux. Measurements are normalized for 1 mm 2 solar cell area for comparison purposes. Figure 3 shows the measured generated power per unit area versus illumination level for the three MSCs. Measurements confirm that MSC1 using shallow junctions only has the smallest power generation capacity. MSC2 has 3x to 5x better energy harvesting capability than the MSC1. MSC3 produces much larger power which is 10x to 20x better than the MSC1. Power fill factor (PFF) is the ratio of maximum output power to the product of short circuit current and open circuit voltage. PFF is the product of voltage and current fractions. PFF is a measure of how close a solar cell can get to ideal. Therefore, a larger PFF means higher energy conversion efficiency for a solar cell. Since higher voltage fraction leads to higher PFF, on-chip micro solar cells have better energy conversion efficiency than solar cells with smaller V . Measured PFF of all 3 MSC structures is larger than 74% for all illumination conditions. A solar cell with V value of 0.73 will have PFF less than 0.7 since cannot be 1.
Energy Harvesting Measurements.

Voltage Fraction Measurements.
Measurements have shown that voltage fraction V is fairly constant between 0.82 and 0.85 for varying illumination conditions as shown in Table 1 . If MPP output voltages ( MPP ) of all three structures at all measured illuminations are plotted against their open circuit output voltages ( oc ) and a first order linear regression line is fit, the V turns out to be 0.84 with 99.3% accuracy as shown in Figure 4 . This observation suggests that if a predefined fixed V value of 0.84 is used for a FVMPPT circuit, it would be accurate enough for a very wide range of illumination conditions. This value would be valid for all three manufacturing processes. Figure 5 shows sensitivity of power output of MSC structures to variations in out / oc . It shows that the energy harvesting efficiency does not suffer drastically for such a wide variation in out / oc value and more than 92% of maximum available power is delivered for any illumination condition. These measurements also verify that the simple FVMPPT circuit will harvest maximum power even if preset V is set to a wrong value. Intervals where output power deviates from maximum power point by less than 5% and 10% were also determined for each illumination level. Measurements show that all three structures deliver more than 90% of maximum power as long as V is set between 0.72 and 0.90 for all measured illumination levels. Output power is more than 95% of maximum power for all illumination levels when V is between 0.76 and 0.88. 
Fractional Voltage
4.5. Boost Converter Measurements. Boost converter efficiencies and power consumption of harvester circuits are shown in Table 2 . Efficiency of boost converter as the ratio of output power to input power and efficiency of harvester considering the power consumption of comparator are provided. Harvester efficiency is calculated using the actual input power. However, since MPPT circuit is not perfect, input power is not equal to maximum available power. Tracking efficiency is the ratio of input power to the maximum power available from solar cell and end to end efficiency is product of tracking efficiency and harvester efficiency. Proposed harvesters can provide more than 50% of the maximum power available from the on-chip solar cells when input power is around 20 W. 29% end to end efficiency is achieved for only 7.35 W input power. Satisfactory performance is achieved to prove that this simple harvester structure can be integrated with on-chip solar cells to harvest energy with highest efficiency. However, boost converter efficiency is not as high as recently reported boost converters [13] [14] [15] [16] [17] . Boost converter efficiency decreases as input power decreases. Therefore, efficiency of proposed harvesters is expected to be lower than boost converters with larger input power. Efficiency can be increased up to a certain level using larger switches to reduce channel resistances. Since larger switches will have larger parasitic capacitances, power dissipation of comparator will increase proportional to switch size [18] . Transistor sizes and comparator driving capacity should be optimized to achieve maximal efficiency. Moreover, special analog / pads should be designed to prevent losses due to leakages and capacitive loading. Since same channel resistance can be achieved with smaller parasitic capacitances, higher efficiency can be achieved in advanced CMOS processes.
Conclusion and Discussions
On-chip micro solar cell (MSC) structures built using available layers in three different CMOS processes were designed and fabricated. The MSC structures were integrated with MPPT and boost converter circuits. Proposed structure is the first DC-DC converter topology with built in MPPT algorithm integrated with on-chip solar cells producing a few microwatts of power. Measurements showed that on-chip solar cells could generate up to 13 energy conversion efficiency are shown to be a reliable power source for powering on-chip sensors.
Moreover, measurements have shown that output power has relatively low sensitivity for variations in solar cell operating voltages. A preset V value provides output power close enough to maximum power even when actual V value changes with illumination and temperature.
Fractional voltage maximum power point tracking (FVMPPT) algorithm making use of the relatively constant voltage fraction can be used for harvesting maximum power from solar cells. Designing low-power and low-voltage power management system is possible using FVMPPT algorithm. Power lost by FVMPPT method is insignificant compared to the extra power that will be consumed by more complicated MPPT circuits.
Integrated MPPT-boost converter topology is shown to be very effective with very low power consumption compared to previously reported energy harvester structures. MPPT-boost converter topologies consume only 0.91-1.35 W power. Boost converter efficiency is around 60% for larger input power.
